Eukaryotic flagella and cilia are among the most ancient of cellular organelles, and their basic architecture is conserved from protozoa to vertebrates (28). The core structure of the flagellar/ciliar axoneme comprises a membrane-bound cylinder of nine microtubule doublets plus two central singlet microtubules. Formation of the axoneme is organized by basal bodies, cylindrical organelles with walls composed of nine triplet microtubules that serve as templates for the assembly of doublet microtubules. Basal bodies and centrioles are similar in structure, and these organelles are often interchangeable in many organisms (4). The functions of flagella and cilia include roles in development, metazoan body polarity, and cell division, while many diseases involve a defect in the function of flagellar components (17).
Eukaryotic flagella and cilia are among the most ancient of cellular organelles, and their basic architecture is conserved from protozoa to vertebrates (28) . The core structure of the flagellar/ciliar axoneme comprises a membrane-bound cylinder of nine microtubule doublets plus two central singlet microtubules. Formation of the axoneme is organized by basal bodies, cylindrical organelles with walls composed of nine triplet microtubules that serve as templates for the assembly of doublet microtubules. Basal bodies and centrioles are similar in structure, and these organelles are often interchangeable in many organisms (4) . The functions of flagella and cilia include roles in development, metazoan body polarity, and cell division, while many diseases involve a defect in the function of flagellar components (17) .
The protozoan Trypanosoma brucei is an ideal system in which to study microtubule-mediated events, because, in addition to the flagellum, the cell is highly polarized as a consequence of an ordered array of subpellicular microtubules (8, 11) . The trypanosome has a single flagellum that emerges from the flagellar pocket, an invagination of the plasma membrane at the posterior end of the cell (9, 21) . The axoneme of kinetoplastid protozoa is attached to a lattice-like structure of a similar diameter, the PFR, extending along most of the axoneme (9) . The flagellum is attached to the cell body throughout most of its length by the FAZ, which is composed of an electron-dense filament plus four cytoplasmic microtubules that originate from the basal body region (9) .
During cell division the trypanosome must replicate and separate several single-copy organelles present in G 1 cells, i.e., nucleus, kinetoplast, mitochondrion, basal body, and flagellum (36, 44) . Ultrastructural studies have described a number of markers of cell cycle position and elucidated a number of discrete cell cycle phases (36) . The first morphological event of the T. brucei cell cycle is the maturation and duplication of the basal body, which is followed by kinetoplast S phase and then nuclear S phase (36, 44) . During flagellum morphogenesis, the new axoneme is assembled from the recently matured basal body. New probasal bodies are formed, and the elongation and emergence of the flagellum from the flagellar pocket is fol-lowed by construction of a new FAZ and PFR (14, 36, 44) . The duplicated kinetoplasts are segregated by means of their attachment to the flagellar basal bodies (24, 32) , and this segregation is followed by the onset of mitosis (9) . Kinetoplast/basal body segregation is accompanied by increased cell length and may contribute an important element in the control of later cell cycle events such as nuclear division and cytokinesis (9, 27) . A cleavage furrow originates at the anterior tip of the replicating cell and follows a helical path to the posterior end of the cell that separates the two daughter cells (36) . The four FAZ-associated microtubules have been postulated to provide a structural correlate between the length and position of the new flagellum, the main growth of the cell body, and to mark the position/direction of the cleavage furrow at cytokinesis (15, 33) . This well-characterized mitotic cycle provides an excellent model system by which to characterize the functions of factors involved in basal body duplication, flagellar biogenesis, and cytokinesis.
Here we describe the identification and characterization of TbLRTP, which exhibits significant similarity to a leucine-rich repeat protein most abundantly expressed in late pachytene and diplotene cells of the testes of mice and humans (46) . TbLRTP also has homologues in a wide variety of eukaryotes, including zebra fish, where the respective gene, seahorse, is implicated in polycystic kidney disease (38) . We demonstrate that TbLRTP is an important factor in control of basal body duplication and hence flagellar biogenesis and cytokinesis. These data uncover the function of the LRTP family of proteins and also indicate the manner in which seahorse mutants likely cause cystic disease.
MATERIALS AND METHODS
Abbreviations. Abbreviations used in this paper are as follows: BSF, bloodstream form; FAZ, flagellar attachment zone; LRR, leucine-rich repeat; LRTP; leucine-rich testis protein; TbLRTP, T. brucei LRTP; PCF, procyclic culture form; PFR, paraflagellar rod; RNAi, double-stranded RNA interference; sds22ϩ, a mitotic regulator of protein phosphatase 1; ORF, open reading frame; PIPES, piperazine-N,NЈ-bis(2-ethanesulfonic acid); DAPI, 4Ј,6Ј-diamidino-2-phenylindole; PBS, phosphate-buffered saline; PFA, paraformaldehyde; and 1K1N2BB cells, cells with one kinetoplast, one nucleus, and two basal bodies.
Cell culture. All growth medium reagents were supplied by GIBCO-BRL Life Technologies (Paisley, United Kingdom). PCF and BSF trypanosomes, strain Lister 427, were maintained in SDM79 and HMI9 medium, respectively. TbL-RTP overexpression was achieved from the pXS219 plasmid (26) , and RNAi was performed using the p2T7
Ti vector (16) in the T. brucei 29-13 procyclic cell line (42) . Leishmania mexicana (MNYC/BZ/62/M379) promastigotes were maintained in Schneider's Drosophila medium, pH 7.5, supplemented with 10% fetal calf serum at 26°C. Metacyclogenesis was induced by passage into medium at pH 5.0; metacyclic parasites were subsequently transformed into axenic amastigotes by increasing the culture temperature to 32°C (3).
DNA manipulation. The TbLRTP ORF was present in a -phage isolated during a genomic screen (22) . PCR was performed with Pfu polymerase (Stratagene, La Jolla, Calif.), and products were subcloned using the PCR-Script Amp cloning kit (Stratagene) and sequenced with BigDye terminator chemistry, version 3.0 (Applied Biosystems, Foster City, Calif.) on a semiautomated sequencer (ABI 377; Perkin-Elmer Corp., Norwalk, Conn.). TbLRTP was PCR amplified from genomic DNA using primers CCCAAGCTTATGGGCCGCATCACTAC CGACC and GGATCCCGCCCTTACCTAGTCACAGCAGTATGG and was subcloned into the trypanosomal expression vector pXS219 (26) and the RNAi vector p2T7i (16) using HindIII and BamHI sites (underlined). By the RNAit algorithm the TbLRTP ORF is not expected to cosuppress other transcripts from the trypanosome genome (30) .
Antibody production. Antiserum against TbLRTP was generated against the entire ORF expressed from the pGEX-2TK vector (Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom). A purified TbLRTP-glutathione S-transferase fusion protein was used to raise polyclonal antibodies in rabbits. Antibodies were affinity purified by using an Escherichia coli-expressed recombinant antigen (affinity purified on glutathione-Sepharose) immobilized on CNBr-activated Sepharose.
Cytoskeletal extraction. Trypanosomes were harvested by centrifugation and washed in PEM buffer (100 mM PIPES [pH 6.9], 2 mM EGTA, 1 mM MgSO 4 ) (31). Cells were resuspended in PEM buffer containing 1% Nonidet P-40. After 2 min, the mixture was centrifuged and pellets containing the cytoskeleton were processed for either biochemical or microscopic analysis. Flagellum isolation was performed using the Ca 2ϩ -resistant method (31) . Immunofluorescence. Cells were washed in PBS, spread on poly-L-lysinecoated slides, and fixed in methanol at Ϫ20°C or in 3% PFA in PBS, pH 7.5, for 10 min (BSF) or 1 h (PCF) on ice before processing for immunofluorescence (36) . For the preparation of cytoskeletons, cells were extracted prior to fixation for 2 min with cold PEM buffer (31) . The following antibodies were used: TAT1 (anti-␣-tubulin) (43) , BBA4 (marker of the basal body) (43) , L6B3 (marker of the FAZ) (14) , L13D6 (marker of PFR proteins 1 and 2) (14) . Primary antibodies were detected with a Texas Red-conjugated goat anti-rabbit or Alexa-conjugated goat anti-mouse secondary antibody (Molecular Probes). Cells were examined using a Nikon Eclipse E600 epifluorescence microscope equipped with a Nikon digital DMX 1200 camera (Nikon Europe B.V., AE Badhoev, The Netherlands). Digital images were captured using Nikon ACT-1 software and assembled using Adobe Photoshop (Adobe Systems, Inc., San Jose, Calif.).
Western blotting. Protein samples were electrophoresed on 12% SDS-polyacrylamide gels and blotted onto a Hybond ECL nitrocellulose membrane (Amersham Life Science Ltd., United Kingdom) by wet transfer. For analysis of whole-cell extracts, 10 7 cells per lane were used. For quantitation, X-ray films after exposure with ECL reagent were scanned and analyzed by densitometry using ImageJ software (http://rsb.info.nih.gov/ij/).
Electron microscopy. For transmission electron microscopy, cells were fixed in suspension by addition of chilled 2.5% glutaraldehyde and 4% PFA in PBS on ice for 1 h, rinsed in 0.1 M sodium cacodylate, and postfixed in 1% osmium tetroxide for 1 h. After rinsing, cells were dehydrated in an ethanol series, with 1% uranyl acetate added at the 30% stage, followed by propylene oxide, and were then embedded in Epon/Araldite. Sections were cut on a Leica Ultracut-T ultramicrotome and were contrasted with uranyl acetate and lead citrate.
Bioinformatics. BLAST searches (2) were conducted at the National Center for Biotechnology Information site (http://www.ncbi.nlm.nih.gov/BLAST), the Department of Energy Joint Genome site (http://genome.jgi-psf.org/index.html), and the T. brucei databases at The Institute for Genomic Research (http://www .tigr.org/tdb/mdb/tbdb/index.shtml) and the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/Projects/T_brucei/). Sequence alignments were performed using Clustal X (39). Prediction of coiled-coil domains was performed using PEPCOIL (18) . Retrieval of data concerning the chromosomal environment of the TbLRTP locus was from GeneDB (http://www.genedb.org/genedb /tryp/index.jsp).
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper have been deposited at GenBank with the accession number AF152174.1. The corresponding ORFs are annotated at GeneDB as Tb03.48K5.370 and Tb03.48K5.300 on chromosome III of the T. brucei strain 927 genome.
RESULTS
A novel family of leucine-rich repeat proteins. During a genomic screen for a T. brucei dynamin gene (22) , a phage was isolated containing a second ORF which displayed significant similarity to LRTP (35% identity, 52% similarity), a testis-specific protein of Mus musculus and Homo sapiens; the ORF was designated TbLRTP (46) . Homologues are present in Trypanosoma cruzi, Leishmania major, Giardia lamblia, Chlamydomonas reinhardtii, Drosophila melanogaster, Anopheles gambiae, Xenopus tropicalis, and Danio rerio but not Caenorhabditis elegans. The trypanosome genome carries two TbL-RTP ORFs on chromosome III in a region of local tandem duplication, and no additional sequences were detected by Southern blot analysis (data not shown). It is not known if expression of both ORFs is the same, but given their identical VOL. 25, 2005 TRYPANOSOME BASAL BODY DUPLICATION 3775 sequences, the functions of the two proteins are likewise expected to be identical. The domain structure of TbLRTP and an alignment against the D. melanogaster and H. sapiens homologues are shown in Fig. 1A and B, respectively. TbLRTP is a protein of 383 amino acids with a predicted molecular mass of 43.3 kDa and a pI of 5.8; it is composed of four N-terminal LRRs (residues 20 to 41, 43 to 64, 65 to 86, and 87 to 108), followed by an incomplete LRR (residues 109 to 130) and an LRR cap domain (residues 131 to 146). LRR motifs are involved in the formation of protein-protein interactions (13) ; the TbLRTP LRRs are homologous to the SDS22ϩ subclass (Fig. 1C) , although the second and fourth repeats start with Cys, a nonconsensus alteration. SDS22ϩ is an inhibitory subunit of protein phosphatase 1 required in mitotic metaphase/anaphase transition (6, 25) . LRTP proteins also contain several Glu-rich acidic regions near the C terminus (Fig. 1B) , and PEPCOIL (18) predicts that TbLRTP will form a coiled-coil (residues 200 to 250) (Fig.  1D) . Outside of the N-terminal LRRs, TbLRTP and its homologues contain no similarity to other sequences currently in the databases.
TbLRTP is associated with the basal body. To investigate TbLRTP function, we raised affinity-purified antibodies against the recombinant protein (see the supplemental material). Differential NP-40 extraction, a standard technique for analysis of the trypanosome microtubular cytoskeleton, was used to probe the cytoskeletal association of TbLRTP (12, (31) (32) (33) . To confirm separation of the microtubular cytoskeleton and soluble proteins, immunoblot analysis of the solubilized versus cytoskeletal/particulate fraction was performed. TbBiP, a soluble endoplasmic reticulum-resident protein, was fully extracted into the soluble fraction, while the vast majority of ␣-tubulin was retained within the cytoskeleton as expected ( Fig. 2A) . Approximately 40% of TbLRTP was associated with the particulate fraction, suggesting that a proportion is cytoskeletally associated. Immunofluorescence of NP-40-extracted trypanosomes using antibody to BBA4 antigen, which locates to the proximal end of both the mature basal body and the probasal body (45) (Fig. 2B) , confirmed the close localization of TbLRTP to both the mature basal body and the probasal body, which is maintained throughout the cell cycle. In 1K1N cells, TbLRTP is juxtaposed distally to BBA4 (Fig. 2B,  top) . Upon basal body duplication, the TbLRTP signal was observed as a doublet with each unit in juxtaposition to a BBA4 signal (Fig. 2B and C) . As the kinetoplast divides, the TbLRTP signal maintains its position relative to the BBA4 antigen ( Fig. 2B and C) . Further, detergent extraction removed the TbLRTP fraction that extends from the kinetoplast toward the nucleus. Therefore, TbLRTP is present both at the basal body region, where it is firmly anchored to the cytoskeleton, and in more nucleus-proximal regions, where it is less strongly cytoskeletally associated (see Fig. S1 in the supplemental material).
To further define the association of TbLRTP with the trypanosome cytoskeleton, flagella were isolated using a protocol that depolymerizes the subpellicular microtubule corset (31, 32). The isolated flagella were then fixed and subjected to immunofluorescence with antibodies to TbLRTP, basal bodies (45) , and PFR proteins 1 and 2 (14) (Fig. 2C) . TbLRTP was localized at a distinct site at one end of the flagellum. Costaining with BBA4 and anti-PFR1 and -2 demonstrates that TbL-RTP localizes to the basal body end of the flagellum, distal to the BBA4 signal but well separated from the starting point of the PFR (Fig. 2C) . Hence, TbLRTP is a basal body protein.
Note that the BBA4 signal is partially resolved into two spots in Fig. 2B , reflecting the basal body and the probasal body. A , and 87 to 108, and incomplete-LRR residues 109 to 130), the leucine-rich repeat cap (medium shaded box; residues 131 to 146), and the coiled-coil domain (dark box; residues 210 to 239). (B) The predicted amino acid sequence of TbLRTP is highly conserved between trypanosomes, arthropods, and humans. Alignments of predicted amino acids encoded by the trypanosomal TbLRTP gene, the D. melanogaster CG14620 gene product (DmLRXP), and the human testisspecific leucine-rich repeat protein (HsLRTP). Accession numbers: TbLRTP, AF152174.1; CG14620 gene product, AAF50954; HsLRTP, U60666.1. Shaded residues are conserved; boxed residues are identical. (C) Alignment of the four leucine repeats of TbLRTP. The SDS22ϩ consensus is shown above the alignment. Unlike the SDS22ϩ family, the second and fourth repeats of TbLRTP start with cysteine and the final position of the leucine in the third repeat is occupied by a valine. (D) Predicted coiled-coil formation by TbLRTP. PEPCOIL output: probabilities of the TbLRTP polypeptide forming helical coiled-coils as predicted from the algorithm of Lupas et al. (18) , using a 28-residue window. The horizontal axis is the position within the protein, and the NH 2 terminus is at the origin; the vertical axis is the probability of coiled-coil formation.
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clear resolution of these two structures is seen in the flagellar preparation (Fig. 2C) . TbLRTP is required for the regulation of cell division. To investigate TbLRTP function, overexpression and RNAi were used. Overexpression and RNAi of TbLRTP were confirmed by Western blotting (Fig. 3A) and achieved threefold overexpression and ϳ80% suppression by RNAi. A small increase in cell growth was observed in TbLRTP overexpressers (data not shown), while suppression correlated with decreased growth (Fig. 3B) , suggesting that TbLRTP is an important factor in cell proliferation. Growth restoration at 5 days following RNAi induction was accompanied by increased expression of TbL-RTP, indicating escape from RNAi (1, 41) .
Under RNAi the amount of protein expressed by the targeted mRNA is progressively reduced. In cells under RNAi for 54 h, residual TbLRTP was found in a small pool adjacent to the kinetoplast (Fig. 3C) , similar to the detergent-resistant fraction (Fig. 2B) . In overexpressers, TbLRTP was extensively distributed throughout the cytoplasm (Fig. 3C, upper panels) . Hence the cytoskeletal pool of TbLRTP is probably more stable than the cytoplasmic pool, and these data suggest that there is a saturable number of TbLRTP docking/binding sites at the basal body.
Cells overexpressing TbLRTP were increased in size and exhibited numerous nuclear and kinetoplastid abnormalities. By contrast, RNAi of TbLRTP resulted in reduced cell length (Fig. 3C ). To determine whether these size alterations were due to modulation of a specific cellular structure, as observed for some gene products (10, 15) , or an overall effect on cell volume, morphometric analysis was performed on cells in interphase, which were selected based on possessing a single nucleus and kinetoplast (see Fig. S2A for a schematic of trypanosome cellular parameters). The overall length of wild-type trypanosomes was 20.4 Ϯ 3.7 m, and the distance between the kinetoplast or the nucleus and the posterior end of the cell was 6.1 Ϯ 1.4 or 9.2 Ϯ 1.5 m, respectively. TbLRTP overexpresser cells were longer, at 31.4 Ϯ 8.1 m, while the kinetoplastposterior and nucleus-posterior distances also increased to 7.9 Ϯ 3.6 and 12.0 Ϯ 4.9 m, respectively. By contrast, TbLRTP RNAi cells were shorter, at 14.1 Ϯ 5.1 m, and the kinetoplastposterior and nucleus-posterior distances also decreased to 4.4 Ϯ 2.5 and 7.4 Ϯ 3.0 m, respectively. We also measured flagellum and FAZ lengths in TbLRTP RNAi cells and overexpressers; these parameters correlate with the alterations in the distance between the kinetoplast and the cell posterior (data not shown). There is a direct correlation between flagellum length and cell size (15, 33, 40) , and taken together, these data demonstrate that the sizes of the trypanosomes were altered VOL. 25, 2005 TRYPANOSOME BASAL BODY DUPLICATIONglobally by manipulation of TbLRTP expression without a specific change to any one region. Therefore, the mechanism by which TbLRTP affects cell size is distinct from that indicated by other reports of alterations to specific regions (10, 15, 33) . Trypanosome growth is not achieved simply by doubling of length during the cell cycle, as the positions of the nucleus and kinetoplast exhibit a high degree of coordinate movement and a relationship with overall cell extension. The inter-basal body distance (33) reflects the timing and extent of cell length, and the distances from the cell posterior to the old basal body and from the new basal body to the anterior remain constant during the cell cycle. To test if alterations in cell length in TbLRTP mutants were a result of defects arising during cytokinesis, TbLRTP mutant cell lines were analyzed by morphometry during cell division ( Fig. 3D; see Fig. S2B in the supplemental material for a schematic of the cell cycle). In 2K1N cells, the distance from the cell posterior to the posterior kinetoplast was increased by overexpression of TbLRTP and was decreased by RNAi. As the cell cycle progressed, the effects of TbLRTP protein levels on cell length became more pronounced. In 2K2N cells, all of the parameters measured, with the exception of the distance between the posterior nucleus and posterior kinetoplast, were decreased in cells subjected to RNAi. By contrast, all of these parameters increased in the overexpressing mutants. The most pronounced effects are in the distance from the anterior of the cell to the anterior nucleus and the distance from the posterior kinetoplast to the posterior of the cell (Fig. 3D) . This indicates that the distance from the posterior of the cell to the kinetoplast is related to TbLRTP expression levels.
TbLRTP is required for correct basal body replication and new flagellum biogenesis. The influence of TbLRTP on components of the cytoskeleton, i.e., microtubules, the basal body, and the PFR, was also examined. In overexpressers and RNAi cells, global microtubule structure was normal by immunofluorescence (Fig. 4) and electron microscopy (Fig. 5) . However, immunostaining for the basal body showed that duplication and separation of the basal body were disrupted in TbLRTPoverexpressing and RNAi cells (Fig. 4) . In some of the overexpressing cells, mitosis occurred in the absence of apparent kinetoplast division and basal body duplication, whereas RNAi resulted in additional basal bodies free in the cytoplasm.
To determine the effects of TbLRTP expression levels on basal body duplication and separation, both nuclear and kinetoplast contents for individual cells were determined by DAPI staining (Table 1) . Perturbation of TbLRTP protein levels had a comparatively small effect on progress through the cell cycle and did not result in accumulation of cells at a specific point within the cell cycle (Table 1) . However, ϳ29% of overexpressers and 14% of RNAi mutant cells analyzed exhibited abnormalities in the number of nuclei (Table 1, Ͼ2N,  0N , Ͼ2K, 0K, 2N1K). Similar aberrant nuclear numbers have been demonstrated to arise as a consequence of microtubule disruption, resulting in failure to accurately complete cytokinesis (10, 27, 33) .
The number of basal bodies in interphase cells was also determined (Table 2 ). This method of analysis is used instead of cell cycle synchronization, which is not possible in trypanosomes. Cells enter mitosis with one kinetoplast, one nucleus, and two basal bodies when stained for the BBA4 antigen (45) (Fig. 2C) . In wild-type cells, when the basal bodies duplicate, the cells become 1K1N4BB; following kinetoplast S phase and separation, they become 2K1N4BB; finally, following nuclear division, they become 2K2N4BB. In TbLRTP-overexpressing and RNAi cells, we observed incorrect numbers of basal bodies (reduced and elevated, respectively, relative to the numbers in the wild type) ( Table 2) .
Staining with antibodies against the PFR (14) also revealed significant aberrations in flagellar biogenesis. TbLRTP-overexpressing cells appear to undergo nuclear division in the absence of kinetoplast division and new flagellum biogenesis (Fig. 4) . Consequently, the cells are unable to correctly complete cytokinesis, resulting in cells of increased size and a partial loss of cell polarity (Fig. 4) Ti /LRTP PCF trypanosomes induced for 3 days (RNAi) on components of the microtubule cytoskeleton in PCF cells was investigated using immunofluorescence microscopy. Cells were stained for ␣-tubulin (Tub), basal bodies (BB), and PFR (MAb) in green. All cells were counterstained with DAPI, which is shown in a merge with the phase-contrast image. TbLRTP overexpression resulted in increased cell size. TbLRTP RNAi knockdown resulted in smaller cells that often contained increased numbers of flagella and FAZ elements. Bars, 5 m.
VOL. 25, 2005 TRYPANOSOME BASAL BODY DUPLICATION 3779 longitudinal section in Fig. 5E and F) . The axonemes of these structures are highly similar to those of wild-type trypanosomes, with the correct 9 ϩ 2 flagellum axoneme and a paracrystalline PFR, but lack a delineating membrane. Hence, promiscuous flagellar initiation appears to take place in these cells, but the resulting structures are normal. A zone of exclusion of the normal ribosome-rich cytoplasm ( Fig. 5C and F) surrounds the intracellular flagella, and remarkably, the flagella are also sometimes seen associated with four microtubules typical of the FAZ (Fig. 5D) . Their assembly appears to occur from an apparently structurally normal basal body located within the cytoplasm (Fig. 5E ). An LRTP homologue is also present in Leishmania. Experimentally accessible stages of T. brucei are replicative forms, but in the related organism Leishmania, it is possible to study nondividing cell populations. L. major encodes an LRTP homologue (LmjF29.2210) that is 61% identical and 77% similar to the trypanosome protein. Anti-TbLRTP sera recognized a single band in L. mexicana promastigotes (designated LmL-RTP), consistent with the predicted molecular mass derived Ti /LRTP PCF cells induced for 3 days (B-F) were fixed and processed for thin-section transmission electron microscopy. No alteration to the subpellicular microtubule array, mature basal body, or flagellar axoneme could be detected by transmission electron microscopy in the overexpressers (A) or the RNAi knockdown cells (B). However, in the cytoplasm of the p2T7
Ti /LRTP PCF cells, intracellular axonemes and PFR-like structures have assembled, shown in transverse section (C, D) and longitudinal section (E, F). These elements exhibit the correct 9 ϩ 2 flagellum axoneme and crystalline PFR but lack a delineating membrane, are surrounded by a zone of exclusion of the normal ribosome-rich cytoplasm (arrowhead, C, F), and are often associated with four microtubules which resemble those associated with the flagellum (arrowhead, D). Their assembly is from an apparently structurally normal, but ectopic, basal body (E, indicated by arrowhead). Bars, 500 nm. (Fig. 6 ). These data suggest that LRTP is expressed mainly in rapidly proliferating cells.
DISCUSSION
Flagella, cilia, and basal bodies are widespread structures in cells of the eukaryotic lineage, and a large number of diseases and pathologies can be caused by immotile or misassembled flagella or cilia (17, 34, 38) . Hence, investigation of factors coordinating flagellar biogenesis is of substantial clinical relevance as well as of importance to basic biology. In the present work we describe the identification and characterization of TbLRTP, a trypanosome leucine-rich repeat protein that has an important role in the control of basal body function and subsequent flagellar biogenesis. The major findings here are that TbLRTP is associated with the basal body and expression is required for proliferation and completion of the cell cycle. Overexpression of TbLRTP suppressed basal body replication and new flagellum biogenesis, while an RNAi-mediated decrease in TbLRTP levels resulted in the biogenesis of additional ectopic basal bodies complete with an attached axoneme, paraflagellar rod, and FAZ-associated microtubules, all contained within the cytosol. The consequences of this abnormal basal body replication and flagellar assembly are manifest in alterations in cell size, fully consistent with a model where the flagellum controls this parameter as well as the positioning of the cytokinesis cleavage furrow (15, 33, 40) . Hence, TbL-RTP likely participates in a pathway that negatively regulates biogenesis of the new basal body/centriole. The presence of such a pathway has been suggested previously (19) . It is significant that the LRTP orthologue in Leishmania (LmLRTP) is developmentally regulated: it is absent both in nonproliferative metacyclic forms and in slowly replicating axenic amastigotes.
Hence, LRTP appears to be expressed only in actively replicating cells, i.e., those within the mitotic cycle where basal body duplication is taking place. Presumably, in cells that have dropped out of the cell cycle and entered G 0 , LRTP expression is not required to modulate basal body duplication, because replication has ceased. It is formally possible that TbLRTP is also involved in basal body segregation and that disruption of this process could account for some of the phenotypic features described here. However, the absence of a significant defect in basal body positioning and the close similarity to phenotypes where basal body replication has been disrupted (27) are consistent with the major function of TbLRTP being involved in basal body replication.
Mutations affecting basal body number have a corresponding effect on cell length and shape in Tetrahymena (23), Paramecium (35) , and Chlamydomonas (37) spp. TbLRTP RNAi generates pleiotropic effects very similar to those observed in Chlamydomonas VFL1 mutants, although the two proteins are not orthologues (37) . A recent analysis of the Chlamydomonas flagellum proteome did not identify an LRTP homologue (17) , but a clear orthologue is present in the Chlamydomonas genome. In both T. brucei and Chlamydomonas, there are specialized microtubules that originate near the basal bodies and extend into the cell beneath the plasma membrane: four FAZassociated microtubules in T. brucei and four rootlet microtubules in Chlamydomonas. These microtubules are involved in the spatial positioning of cellular organelles and the cytokinesis cleavage furrow, as well as in regulation of cell volume (7, 15, 33, 37) . Analysis of TbLRTP mutants supports previous data demonstrating that the correct assembly of the new flagellum/FAZ is required for the completion of cytokinesis and the maintenance of cell size/polarity (15, 20, 33, 40) . (29) . The positions of molecular weight markers (in thousands) are indicated. Anti-TbLRTP defines a protein in proliferative, procyclic lysates whose migration is consistent with the predicted molecular mass of 53.8 kDa, which we designate LmLRTP. Expression of LmLRTP is severely down-regulated in quiescent metacyclics and replicating, aflagellate amastigotes. a The number of basal bodies, as defined by BBA4 antibody staining, was counted in 1K1N cells only. This stage of the cell cycle corresponds to G 1 / interphase and is shown in the schematic in Fig. S2 in the supplemental material. For a normal cell in G 1 , BBA4 detects two closely associated spots, representing the old basal body and the probasal body. A cell that has entered into cell division will have duplicated its basal bodies as one of the first events of cell division and hence will have four BBA4 signals. This state will persist until cytokinesis is complete.
b WT, wild type; ϩϩ, TbLRTP overexpresser; RNAi, p2T7
Ti /LRTP PCF trypanosomes induced for 3 days. The number of cells analyzed was Ͼ100 for each strain.
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The assembly of additional axonemes, PFRs, and FAZ microtubules in TbLRTP RNAi mutants supports a model of concomitant biosynthesis and suggests that assembly occurs from a common nucleation/docking site, most likely located at the basal body region (14) . IFT52 from Chlamydomonas is involved in the formation of such docking sites and has a location similar to that of TbLRTP, suggesting that these two factors, while distinct at the sequence level, may function in the same or a related pathway (5) . In trypanosomes the old flagellum acts as a template for assembly and growth of the new flagellum (20) , and where there is more than one new flagellum, presumably the excess copies cannot be accommodated and are assembled in a nontemplated manner. The consequence of additional basal bodies likely affects positioning of the cytokinesis cleavage furrow, resulting in nonsymmetrical cell division and production of small cells.
The TbLRTP family is highly conserved throughout evolution, and homologues are present in protozoan and metazoan systems. Significantly, homologues are absent from the genomes of fungi, nematodes, and plants; given the earlier time of divergence of the trypanosome and metazoan lineages compared to the plant/metazoan separation, this distribution suggests secondary loss of LRTP from selected lineages and hence differences in the mechanisms of basal body duplication between those lineages retaining LRTP and those where it is absent, for example, between C. elegans, trypanosomes, and humans. Most significantly, the zebra fish homologue of TbL-RTP, seahorse, has been reported to be involved in ciliar function (38) and, further, was recently implicated as having a role in the development of polycystic kidney disease, although detailed functional data were not available from that analysis (38) . The data reported here provide a function for the LRTP family of proteins in the modulation of basal body functions and by inference implicate that process in human disease.
